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The title quasi-lD copper oxides {0 < x < 0.4) were investigated by neutron diffraction and 
magnetic susceptibility studies. Polyhedral Cu04 units in the compounds were found to comprise 
linear-chains at inter-chain distance of approximately 10 A. The parent chain compound {x = 0), 
however, shows less anisotropic magnetic behavior above 2 K, although it is of substantially anti- 
ferromagnetic {fled = 1.85 \MB and 0w = -46.4 K) spin-chain system. A magnetic cusp gradually 
appears at about 100 K in T vs x with the Bi substitution. The cusp (x = 0.4) is fairly charac- 
terized by and therefore suggests the spin gap nature at A/fce ~ 80 K. The chain compounds hold 
electrically insulating in the composition range. 

PACS numbers; 75.50.-y, 81.40.Rs 
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I. INTRODUCTION 

A variety of Cu(II) based linear-chain oxides is known 
such as Ca4Cu50io, Li2Cu02, CuGeOa, Sr2Cu03, 
SrCu02, and Y2Ca2Cu50io, and indeed one dimensional 
Heisenberg antiferromagnetism was observed in those 
materials [Q. Studies on the copper oxides play an im- 
portant role in research on the one dimensional electronic 
systems, raising and settling fundamental issues as to 
the nature of quasi-particles and electron correlations in 
condensed matter ||l[. We have recently been studying 
copper based chain materials in order to find additional 
systems showing correlations among their magnetic and 
electrical properties and crystal structure. 

In this paper we report the crystal structure and 
magnetic properties of the linear-chain copper oxides 
Sr5Pb3_:rBij;CuOi2 (0 < a; < 0.4). In the parent 
compound Sr5Pb3CuOi2, distorted CUO4 units are lin- 
early connected by sharing a conner-oxygen ^ . One- 
dimensionally anisotropic magnetic properties were then 
expected to Sr5Pb3CuOi2 because the copper ion has 
spin-1/2 electronic configuration and the principal mag- 
netic bond Cu-O-Cu {'^ 165°) in chain is supposed 
antiferromagnetic Experimental studies, however, 

seemed not to be focused on magnetism of this com- 
pound probably because insufficient quality of the so-far 
samples and relatively high degree of structural disorder 
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Even the most high quality sample was made at 
copper-rich starting composition Sr:Pb:Cu=3:2:l rather 
than copper-stoichiometric composition The sam- 
ple quality level was acceptable for a regular structural 
study, but rather unsuitable for detailed magnetic studies 
because the sample should have unknown magnetic im- 
purities 1^]. The magnetism of the quasi- ID compound 
Sr5Pb3CuOi2 remained ambiguous. 

In this study, further improvement of quality of the 
copper-stoichiometric sample of Sr5Pb3CuOi2 and par- 
tial Bi substitution for Pb, i.e. Sr5Pb3_a;Bia;CuOi2, up 
to a; = 0.4 were achieved in single-phase polycrystalline 
form, followed by investigations by neutron diffraction 
and magnetic susceptibility studies. We found the 
quasi-lD compound Sr5Pb3CuOi2 shows Curie-Weiss- 
type magnetism even at low temperature (> 2 K), and at 
the composition Sr5Pb2.6Bio.4CuOi2 a finite energy gap 
(A/ke ^ 80 K) in magnetic system was suggested. 



II. EXPERIMENTAL 

The polycrystalline single-phase samples were pre- 
pared by high-temperature ceramic synthesis technique. 
Mixtures of SrC03, PbO, Bi203, and CuO with the ra- 
tio Sr:Pb:Bi:Cu = 5:3 - x:x:\ {x = 0, 0.1, 0.2, 0.3, 0.4, 
0.6, 0.8, 1.0) were heated at 800 °C for 15 hours in air. 
After the initial treatment, grinding and heating in air 
were repeated at 800 °C, followed by those at 850 and 
900 °C for 95 hours in total. The samples were then 
ground and molded into pellets, and again heated in air 
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at 950 °C for 45 hours. The heating at 950 °C in either 
nitrogen or oxygen instead of air results in poor qual- 
ity of final productions. Subsequently, the sintered pel- 
lets were annealed at 500 °C in compressed (100 MPa) 
gas, 20 % oxygen in argon, for 5 hours. The quality of 
the final productions were quite sensitive to the highest 
heating temperature. Dense alumina crucibles were em- 
ployed to hold the samples in the synthesis procedure. 
The magnetic properties of the samples were studied by 
a commercial apparatus between 2 and 390 K. The high- 
est applied magnetic field was 55 kOe. All of the pellets 
thus obtained were electrically highly insulating. 

Powder x-ray diffraction with CuKa radiation at room 
temperature was employed to characterize the samples 
and found a part of those (a; = — 0.4) was single-phase 
within the sensitivity of the technique (~ 1 %). Compo- 
sition dependence of lattice constants and volume of the 
hexagonal unit cell are plotted in Fig.|l]. Linear depen- 
dence in V, c vs X, and x independence of a are clearly 
seen, indicates the solid solution is formed. The end 
members, Sr5Pb3CuOi2 and Sr5Pb2.6Bio.4CuOi2, were 
then selected for further crystal structure studies by neu- 
tron diffraction at 10 and 295 K. The neutron diffraction 
data were obtained by the BT-1 high-resolution powder 
diffractometer at the NIST Center for Neutron Research. 
A Cu(311) monochromator was employed to produce a 
coherent neutron beam (A — 1.5401 A) with 15', 20', and 
7' collimators before and after the monochromator, and 
after the sample, respectively. The intensity of diffracted 
neutron beam was measured between 3 and 160 degrees 
at each 0.05 degrees step in 26. Crystal structure param- 
eters of the copper oxides were then refined to a high de- 
gree of agreement by calculations with the intensity and 
angle data on the program GS AS Q . Neutron scattering 
amplitudes for the elements in the refinements were set 
to 0.702, 0.940, 0.853, 0.772, and 0.581 (xlO^^^) for 
Sr, Pb, Bi, Cu, and O, respectively 

III. RESULTS AND DISCUSSIONS 

A. Crystal Structure 

At first, oxygen stoichiometry and crystal structure of 
the X = sample were investigated. A crystal structure 
model [P62m,, a = 10.1089(6) A and c = 3.5585(2) A] pre- 
viously proposed for Sr5Pb3CuOi2, of which the powder 
sample was prepared at the composition Sr:Pb:Cu=3:2:l 
0, was tested. In the top panel in Fig.^, the observed 
profile is presented with the calculated one. As you can 
see, all observed peaks are clearly reproduced at 4-5 % 
levels in agreement factors, indicating the qualities of 
the sample and the refinement. The structural model 
is valid for the present compound prepared at the cor- 
rect composition. Lattice constants of the hexagonal 
unit ceU (P62m) are a = 10.1297(2) A and c = 3.559 
80(7) A for SrsPbgCuOia at 295 K; there are insignif- 
icant difference between lattice parameters for the 321 



and present samples (0.2 % and 0.04 % in a and c pa- 
rameters, respectively). The structure parameters are 
summarized in Table |l The occupancy factors of oxy- 
gen in the normally occupied sites, 0(2) and 0(3), were 
refined to within one standard deviation of 1.00, and 
the sites were therefore taken to be fully occupied. The 
occupancy factors in the partially occupied sites, 0(1), 
0(4) and 0(5), are slightly larger than 2/3, 1/12 and 
1/12, respectively, which are expected when the com- 
pound is oxygen-stoichiometric at 12 moles of oxygen per 
formula unit. Magnctomctric study of the sample indi- 
cates the valence state of copper is fairly close to +2 as 
discussed later, supports the oxygen-stoichiometric com- 
position Sr5Pb3CuOi2. Because the occupancy factors 
are highly correlated with the thermal-displacement pa- 
rameters, which are unusual due to the remarkably low 
levels of oxygen occupancy, and complicated local struc- 
ture in chain, the oxygen occupancy factors are presumed 
slightly overestimated. Unreasonable values for Bu of 
0(4) were probably gained due to the same reasons. The 
composition of the sample is then Sr5Pb3CuOi2 or pos- 
sibly somewhat oxygen-superstoichiometric. 

The neutron diffraction profile of the x — 0.4 sample at 
295 K is presented in the bottom panel in Fig|| as well as 
that of x = sample. The obtained structure parameters 
at 295 and 10 K are listed and compared with those for 
the x = sample in Table ||. The qualities of the sample 
of Sr5Pb2.6Bio.4CuOi2 and the refinement are as good 
as those achieved for Sr5Pb3CuOi2. Lattice constants of 
the hexagonal unit cell (P62m) are a = 10.1236(2) A and 
c = 3.541 82(6) A for Sr5Pb2.6Bio.4CuOi2 at 295 K, and 
a = 10.1042(2) A and c = 3.534 90(6) A at 10 K. The 
oxygen quantity is independent on the Bi doping level; 
no significant deference in oxygen occupancy factors was 
detected between both the samples. On the assumption 
that Pb and Bi valences are -1-4 and -1-3, respectively, the 
formal copper valence of Sr5Pb2.6Bio.4CuOi2 should be 
-1-2.4, does not meet the expectation from the observed 
effective Bohr magneton as shown later. Partial incre- 
ment of the Bi valence to +5 therefore probably occur. 

Schematic structural view for Sr5Pb2.6Bio.4CuOi2 is 
presented as a representative of the solid solution in 
Fig.^, based on the structure parameters at 295 K. The 
Bi doped compound retains the linear-chain structure ba- 
sis, in which copper-oxygen polyhedra form chains at 
inter-chain distance of approximately 10 A. The local 
structure of the chain is highly complicated as indicated 
in Fig.^a, where all possible oxygen and copper positions 
are indicated. In Fig.^, probable local arrangements of 
Cu04 units include a misordering of copper atom (third 
one from the left side) is shown by precluding coordi- 
nations of copper and oxygen resulting in intolerably 
short bond distances. On the other hand, the 4-18 and 
2-10 A^ thermal displacement parameters for Cu and 
0(1), respectively, are also unusual, indicating probable 
presence of local displacements of Cu and 0(1) along 
c— axis (Fig.^a) and frequent occurrence of the irregular 
copper atom arrangement in local. Due to the compli- 
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cated chain structure, a comparison between the struc- 
ture data at 10 and 295 K for Sr5Pb2.6Bio.4CuOi2 does 
not give a significant contribution to detect possible lo- 
cal lattice distortions associated with magnetism as found 
in CuGeOa Q. Further crystal structure investigations 
into Sr5Pb2.6Bio.4CuOi2 include microscopic studies and 
structure modulation analysis should be interesting. 



B. Magnetic Properties 

The temperature dependence of the magnetic suscepti- 
bility of Sr5Pb3_a;Bia;CuOi2 (0 < a; < 0.4) was measured 
at magnetic field of 10 kOe. Those data are presented 
in Fig.| as X - Xo vs. T and l/(x - Xo) vs. T plots 
(Xo is temperature- independent portion). The magnetic 
field dependence of the magnetization at 5 K of the se- 
lected samples {x =0 and 0.4) are shown in Fig|6^. In 
the enough high temperature region above 200 K, the 
magnetic data are expected free from any of magnetic 
ordering contributions either long or short range because 
the characteristic magnetic cusp was found far below the 
temperature region. The Weiss temperature (6w), XOi 
and the effective Bohr magneton (/^eff) were estimated 
by fitting the Curie- Weiss law to the data above 200 K. 
The solid lines in Fig.|^ indicate the fits, and those mag- 
netic parameters estimated are presented in Fig.|^. The 
formula for the fitting by least-squares method was 



3fcB(r-ew) 



xo (r> 200 K), 



(1) 



where fee and N are Boltzmann and Avogadro's con- 
stants, respectively. 

The Weiss temperatures estimated for 
Sr5Pb3_a;Bi2;CuOi2 are characteristic of antiferro- 
magnetic interactions (FigJ^b), and the absolute value 
tends to be gradually elevated as the Bi doping level 
increases. The xo in the composition range is almost 
constant, ^ —6 x lO^'' emu/mol Cu, which is remarkable 
approximately one magnitude larger than the values 
for the other chain structure copper oxides §. This 
fact is probably due to the unusually large number of 
diamagnetic elements per copper (20 moles per mole Cu) 
0, therefore we decided not to make further concerns 
on this issue. The effective Bohr magneton is slightly 
above 1.73 /xb, calculated from the ideal electronic 
configuration of Cu(II) {3(P, tjg ^g, S = 1/2) using 

the formula fictf = 2y/S{S + 1) ^b- The effective 
g-value are expected different somewhat rather than 
2.00 if the valence of copper is fixed at +2.00 in the 
composition range. By considering the negative value of 
Weiss temperature and the effective Bohr magneton, it 
is concluded that antiferromagnetic interaction is dom- 
inant between the nearest neighbor spin-1/2 magnetic 
moments in chain of Sr5Pb3_2;Bia;CuOi2. Ferromagnetic 
interactions in Sr5Pb3_a;Bia;CuOi2 are insignificant 
because ferromagnetic characters such as hysteresis and 



spontaneous moments were not found at all in the M 
vs. H curves (Fig.||a). 

Magnetic susceptibility of the antiferromagnetic linear- 
chain system is divided into three terms fel : 



X(r) = (1 - /)xid(T) + fxc{T) + xo, 



(2) 



where / is level of the Curie term [xc(r)], and xid(T) 
stands for the intrinsic linear-chain magnetic susceptibil- 
ity. To further analyze the x = 0.4 data, which are most 
influenced by the linear-chain magnetism as the cusp ap- 
pears at ~ 80 K, the low temperature quasi-Curie com- 
ponent was subtracted (Fig.|^. The Eq.|l| with 6^ in- 
stead of 9w was employed to estimate the quasi-Curie 
component by fitting to the original data below 8 K as 
indicated by the broken curve in Figj^ (/ ~ 13.3 % and 
— —0.66 K). As the chemical impurity level of the 
sample is less than 1 %, it is concluded that the nearly 13 
% of magnetic moments in Sr5Pb2.6Bio.4CuOi2 formally 
contribute to form the low temperature quasi-Curie term. 
Origins to produce the almost free-spins, which yield the 
nearly zero Weiss temperature, are possibly associated 
with the local structural disorders, which may cut and 
cause end of chains. The detailed analysis of the sub- 
stantial amount of free-spins in chain using further ex- 
perimental studies is left for future works. 

After the Curie term subtraction, character of the 
Xid{T) term becomes clear; it goes to zero on cooling. At 
present we presume that the particular magnetism is due 
to an energy gap between magnetic ground and excited 
states, as found in the spin-ladder and the alternating- 
exchange linear-chain materials ||^, |8| . The formula pro- 
posed for spin gap system at T ^ A/Zcb M, 



Xid(T) - -^exp(--^). 



(3) 



was applied on the data below 35 K, as shown in the 
inset in Fig.^, and found that the possible energy gap 
(A/Zcb) is approximately 80 K. An alternative fit to a 
model in which there are Curie- Weiss and Heisenberg 
Bonner-Fisher components p0| was unlikely at all. Even 
at the best result (dotted curve at S =1/2, g = 2, 0^ — 
-0.19 K, / = 23.6 %, and Jes/kB= 72.4 K) it was too 
poor to reproduce the original data. 

Alternating antiferromagnetic spin-chain system has 
been intensively investigated in (VO)2P207 and 
Cu(N03)2-2.5H20 |, |ll|, 1^, [l|. The model was tested 
on the present linear-chain material Sr5Pb2.6Bio.4CuOi2 
by applying the applicable formula to the data above 60 
K, which has three independent variable parameters Ji, 
{— J2/J1) and 17— value, where Ji and J2 are antifer- 
romagnetic exchange constants alternating along chain 
(Ji > > 0) 111- The best fit was obtained at 
Ji/ks — 183 K, a = 0.58 and g = 2.22, as shown in 
Fig.0 (fat solid curve). Thus, the magnetic cusp tempera- 
ture was calculated 115 K from the formula ~ 0.63Ji/A:b, 



which is expected almost independent on a |16 , and the 
spin gap 77 K from ~ J1 — J2 [0 , those in fact match well 



4 



with the observations. The alternating spin chain model 
at a ^ 0.6 is, therefore, the most probable model to ac- 
count for the character of Xid{T) of Sr5Pb2.6Bio.4CuOi2 
if the spin gap nature is prime essential in the mag- 
netism of this compound. Further investigations employ- 
ing probes more sensitive to the microscopic magnetic 
environment, such as NMR studies, would play a signif- 
icant role to figure out the magnetic ground state and 
the excitation. As a clue to further elucidate the pos- 
sible spin gap nature of Sr5Pb2.6Bio.4CuOi2, inelastic- 
neutron-scattering study would also be expected partic- 
ularly if a single crystal becomes available. 

IV. CONCLUSION 

It was found that the substantial Bi substitution for Pb 
in Sr5Pb3CuOi2 plays a key role to profile the one dimen- 
sional antiferromagnetic feature, without a significant in- 
fluence on the electrical conductivity. At x = 0.4, the al- 
ternating magnetic interactions at a. ^ 0.6 was strongly 
suggested, which potentially produce spin-singlct ground 
state with approximately 80 K spin-gap. There are two 
major models to explain a cusp in T vs x in antiferromag- 
netic linear-chain system as far as we know. As already 
described the one does not match ultimately with the 



present magnetic data, and the other one reaches suffi- 
ciently convinciblc level in the fitting study; these facts 
imply the spin gap nature in the x = 0.4 chain compound. 
Because conclusive evidence is not provided yet about the 
probable spin gap, further investigations include theoret- 
ical point of view into the Bi doped compound would 
be of interest. The alteration possibly depend on the Bi 
doping level, which modifies the local magnetic environ- 
ments. It is not figure out yet how the doping improves 
the local magnetic environment around copper and what 
produces the low-temperature Curie term. Further Bi 
doping would probably be favorable to obtain credible 
information about the issues and make clear nature of 
the magnetism of the title spin chain compounds. As 
an electrical carrier doping to spin gap system would be 
of great interest, further studies of a variety of chemical 
substitutions for Sr5Pb3CuOi2 are in progress. 
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TABLE I: Structure parameters of Sr5Pb3CuOi2 at 295 K (first line), Sr6Pb2.6Bio.4CuOi2 at 295 K (second line), and 
Sr5Pb2.6Bio.4CuOi2 at 10 K (third line). Space group for those is PQ2m. The lattice parameters are a — 10.1297(2) A 
and c = 3.559 80(7) A for Sr5Pb3CuOi2, a = 10.1236(2) A and c = 3.541 82 (6) A for Sr5Pb2.6Bio.4CuOi2 at 295 K, and a = 
10.1042(2) A and c = 3.534 90(6) A for SrBPb2.6Bio.4CuOi2 at 10 K. 
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FIG. 1: Lattice constants and unit cell volume of Sr6Pb3-xBixCuOi2 (0 < a; < 0.4, P62m) measured by means of powder x-ray 
diffraction at room temperature. 
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FIG. 2: Observed (crosses) and calculated (solid curve) powder neutron diffraction profiles (295 K) of Sr5Pb3CuOi2 and 
Sr5Pb2.6Bio.4CuOi2. The small vertical bars indicate calculated positions for the nuclear Bragg reflections. The lower part of 
each panel shows difference between the profiles. 
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FIG. 3: Schematic crystal structure view for Sr5Pb2.(iBio.4CuOi2 drawn from the structure parameters at 295 K. The hexagonal 
unit cell is indicated by the solid lines. Copper ions are located at the corners of the unit cell in this view. 
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FIG. 4: (a) Schematic thermal ellipsoids view for the copper-oxygen chain along c-axis, drawn from the structure parameters 
of Sr5Pb2.6Bio.4CuOi2 at 295 K, showing the randomly occupied oxygen positions 0(1), 0(4) and 0(5) around copper, (b) 
and a probable local coordination between copper and oxygen within the average structural model. 
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FIG. 5: Temperature dependence of magnetic susceptibility of Sr5Pb3-a:Bia:CuOi2 (0 < a; < 0.4), and inverse plots of the 
susceptibility. The data were obtained at 10 kOe on heating after cooling each sample without the applied magnetic field. The 
solid lines indicate fits to the Curie- Weiss law. 
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FIG. 6: Applied magnetic field dependence of magnetization of Sr5Pb3CuOi2 and Sr5Pb2.6Bio.4CuOi2 at 5 K. (b) Magnetic 
parameters of Sr6Pb3-xBia!CuOi2 (0 < a; < 0.4) estimated by fitting the Curie- Weiss law to the magnetic susceptibility data. 
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FIG. 7: Quantitative analysis of the magnetic susceptibility data of Sr5Pb2.6Bio.4CuOi2. The open circles result from subtrac- 
tion of the low-temperature Curie component (broken curve, 13.3 % level) from original data (closed circles). Fat solid curve 
indicates a fit to alternating linear-chain model using a least squares method at J i/kB= 183 K, a = 0.58, and g = 2.22. Inset: 
Estimation of magnitude of the possible magnetic gap by applying spin gap model indicating it is approximately 80 K. 
Temporally applied an independent model, in which a linear relationship between Bonner-Fiser and Curie components exists, 
is indicated by dotted curve in the main panel. 



